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HYBRID LOOP COOLING OF HIGH POWERED DEVICES 
BACKGROUND OF THE INVENTION 

1. Field of the Invention 

[0001] The present invention relates to heat transfer devices, and more particularly, to a hybrid 
heat transfer loop system that consists of both capillary driven two-phase flow and actively 
pumped liquid flow segments. 

2. Description of Prior Art 

[0002] Attaching a heat pipe to a waste heat generating component such as an integrated 
circuit is a known and successful technique of moving the undesired waste heat away from that 
electronic component. One portion of the heat pipe is exposed to the heat source and another 
portion of the heat pipe is exposed to a heat sink, which is at a lower temperature than the heat 
source. Heat is absorbed from the heat source by evaporation of a liquid-phase working fluid 
inside the heat pipe at the portion exposed to the heat source (the evaporator). The vapor phase 
working fluid with its absorbed heat load (latent heat of vaporization) is thermodynamically driven 
to the portion of the heat pipe exposed to the heat sink, due to the pressure gradient caused by 
the temperature difference between the heat source and the heat sink. The heat load is 
transferred by the working fluid to the heat sink, with consequent condensation of the vapor 
phase working fluid at the portion of the heat pipe exposed to the heat sink (the condenser). 
Then, driven by the capillary force developed in a capillary structure inside the heat pipe, the 
condensed working fluid is returned in liquid phase to the evaporator portion of the heat pipe 
through the capillary structure. The heat pipe is often referred as a passive heat transfer device, 
due to the fact that its operation is driven by the heat input instead of electrical or mechanical 
energy. 

[0003] The capillary structure is typically an elongated wick structure extending for 
substantially the full length of the heat pipe. Wick structures may include interior longitudinal 
grooves, roughened interior surfaces, or mesh screens or bonded powders joined to the interior 
surface of the heat pipe. The capillary limit of a heat pipe is reached when the maximum capillary 
force available in the wick is not able to overcome the total pressure drop of the liquid and vapor 
flows inside the heat pipe and the gravity or acceleration effects on the liquid-phase working fluid. 

[0004] One shortcoming of the heat pipe is that its heat transport capability and heat carrying 
distance are limited by the capillary limit in the wick structure, which is sensitive to the orientation 
and magnitude of the gravity. In addition, a high heat flux input at the evaporator presents another 
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significant problem to the heat pipe operation. Heat flux is a commonly used terminology to 
describe the thermal power density, which has a unit of watt per square centimeter (W/cm 2 ). 
Modern computer chips typically generate waste heat fluxes on the order of 15 to 50 W/cm 2 . Next 
generation power and opto electronics may produce waste heat fluxes in excess of 1 ,000W/cm 2 . 
The increasing heat flux may cause boiling inside the wick structure in the evaporator portion of 
the heat pipe, disrupting the returning liquid flow and consequently causing dry-out in the 
evaporator. 

[0005] Some prior art approaches to improving the heat carrying capacity of heat pipes include 
the use of elongated arterial passages along an interior wall of the heat pipe. Examples of such 
configurations can be found in U.S. Pat. Nos. 4,470,450 and 4,515,207, the disclosures of which 
are hereby incorporated by reference, in their entirety. In principle, the pressure drop of the liquid 
flow through the arteries is substantially smaller than through the wick interiors. The reduced 
liquid pressure drop results in an increase in the liquid flow rate and consequently in heat 
transport capability and heat carrying distance. However, these arteries are susceptible to 
boiling at high heat flux conditions, wherein the resultant vapor bubbles can interrupt or block the 
capillary driven liquid flow through the arteries, resulting in system failures. 

[0006] Other prior art approaches to improving the heat carrying capacity of heat pipes include 
the use of separate liquid and vapor transport lines to link the evaporator and condenser. These 
devices are typically called loop heat pipes or capillary pumped loops, depending on the detailed 
design configuration. Examples of the loop heat pipe and capillary pumped loop configurations 
can be found in U.S. Pat. Nos. 6,382,309 and 5,944,092, the disclosures of which are hereby 
incorporated by reference, in their entirety. The separation of the liquid and vapor lines allows the 
use of very fine pore wicks in the evaporator portion only, which substantially increases the 
capillary force in the wick and reduces the pressure drops of the liquid and vapor flows. Typical 
loop heat pipes and capillary pumped loops can carry significantly more heat over far greater 
distances than typical heat pipes. In addition, the operations of loop heat pipes and capillary 
pumped loops have reduced sensitivity to the gravity and acceleration, since the capillary force in 
the fine pore wicks in the evaporator is far greater than the gravity and acceleration effects. 

[0007] Loop heat pipes and capillary pumped loops have very limited capabilities of handling 
high heat flux input. The vapor evaporated from the wick in the evaporator of a loop heat pipe or 
capillary pumped loop is directly exposed to the heat input before vented to the vapor transport 
line. The resultant vapor superheating substantially reduces the heat transfer efficiency and limits 
the heat flux capacity of the loop heat pipe and capillary pumped loop. Typical loop heat pipes 
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and capillary pumped loops cannot handle heat fluxes higher than 20W/cm 2 . Some advanced 
designs have demonstrated close to 100W/cm 2 heat flux capacity in a laboratory setting. 

[0008] Some prior art approaches to simultaneously obtaining large heat carrying capacity and 
high heat flux capacity include the use of liquid pumps to replace or supplement the capillary 
force as the mechanism to return the liquid working fluid to the evaporator. Spray nozzles have 
also been used to supply liquid to the evaporator and produce a thin film evaporation mode. In 
either scenario, however, the inability to precisely regulate liquid flow to the evaporator can result 
in an excess liquid supply to the evaporator, also known as "flooding," which results in decreased 
heat transfer performance. Elaborate control schemes involving a complex network of valves and 
sensors are sometimes used to regulate the liquid supply to the evaporator to prevent flooding. In 
addition, spray cooling systems are generally prone to clogging in the nozzles, and their 
performance may be sensitive to gravity and acceleration. Examples of complex valve and sensor 
control schemes can be found in U.S. Pat. No. 6,349,554. 

[0009] Liquid pumps have also been combined with arterial heat pipes to improve the heat 
carrying capacity of heat pipes. For example, the U.S. Pat. Nos. 4,470,450 and 4,898,231 utilize 
external liquid pumps, which are serially connected between the condensers and evaporators of 
loop-type heat pipe assemblies. The systems utilize a plurality of discrete valves and sensors to 
maintain the pressure balance in the systems and prevent the flooding of the evaporators. The 
complexity of the control system results in increased system cost, size and weight, and 
decreased system reliability and endurance. 

[0010] It would therefore be desirable to have a heat transfer device that has the simplicity, 
reliability and cost advantages of passive devices such as heat pipes, loop heat pipes and 
capillary pumped loops, and the high heat flux and large heat carrying capacities of actively 
pumped and pump assisted devices. 

SUMMARY OF THE INVENTION 
[0011] The present invention is directed to a heat transfer loop system that is capable of 
removing high heat fluxes and transporting large amounts of heat over great distances, and uses 
passive means to regulate the flows and achieve pressure balances in the system. The heat 
transfer loop system, including a primary passive two-phase flow segment and a secondary 
actively pumped liquid flow segment, is hereafter referred to as a hybrid loop. The primary 
passive two-phase flow segment of the hybrid loop further consists of an evaporator, a 
condenser, a liquid reservoir, a vapor transport line connecting the evaporator and the condenser, 
and a liquid transport line connecting the condenser and the liquid reservoir. The evaporator is 
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typically attached to a waste heat generating component, and the condenser is typically attached 
to a heat sink that is at a lower temperature than the heat source. The heat input from the heat 
source vaporizes the working fluid in the evaporator. The vapor is driven towards the condenser 
via the vapor transport line by the pressure gradient caused by the temperature difference 
between the evaporator and condenser. In the condenser, the vapor condenses and releases the 
latent heat of vaporization to the cooler heat sink. The condensed liquid is driven towards the 
liquid reservoir via the liquid transport line, again by the higher vapor pressure developed in the 
evaporator. 

[0012] The secondary actively pumped liquid segment of the hybrid loop connects the liquid 
reservoir and the evaporator, completing the fluid circulation in the loop. The secondary actively 
pumped liquid segment uses a liquid pump to draw liquid from the liquid reservoir into the 
evaporator of the primary passive two-phase flow segment. A portion of the liquid supplied into 
the evaporator is vaporized by the heat input from the heat source and moves into the primary 
segment, while the excess liquid is pumped back to the liquid reservoir. 

[0013] In one embodiment, the evaporator in the primary two-phase flow segment consists of 
a porous wick in which one or more liquid arteries are formed. The structure thus formed is a 
liquid transport artery with porous walls. The pumped liquid flows through the liquid arteries. The 
capillary force in the porous wick draws the liquid from the arteries into and through the porous 
wick to sustain the evaporation. Excess liquid is pumped through the arteries back to the 
reservoir. The porous wick is designed to ensure that the capillary force will be sufficient in 
preventing the vapor in the evaporator from penetrating into the liquid arteries or the liquid in the 
arteries from moving into the vapor space. The relatively high speed liquid flow through the 
arteries sweeps away vapor bubbles that may form inside the arteries at high heat flux input 
conditions. The two-phase flow balancing, control and separation are all realized passively and 
reliably by the capillary force in the evaporator porous wick. No valves or sensors are required for 
the flow management. 

[0014] In a preferred embodiment of the invention, the evaporator porous wick is formed of 
bonded powders of distributed sizes. The bonded powder wick may be fabricated by sintering, 
brazing, or pressing the powders together, or by using an adhesive bonding material such as 
glass or plastic. Wicks having distributed pore sizes are more tolerant of boiling inside the wicks 
and can consequently handle higher heat fluxes. 

[0015] In another embodiment, the evaporator porous wick has porous grooves. The liquid 
arteries may be encased in the peak regions of the porous lands that are relatively far away from 
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the heat input surface, which reduces the heating of the liquid inside the arteries and 
consequently the probability of vapor bubble formation in the arteries. 

[0016] In another embodiment, the evaporator porous wick has regions made of coarser 
powders and other regions made of finer powders. The graded wick pore sizes are particularly 
useful in minimizing the liquid flow resistance in the wick while maximizing the capillary force in 
the wick. 

[0017] In one embodiment, the liquid arteries are made of micro or nano-perforated tubing, 
slotted tubing, or mesh screen tubing. In another embodiment, the wall of the liquid artery may 
have layers of bonded powders with graded pore sized to minimize liquid resistance through the 
porous wall and maximize the capillary force in the porous wall. 

[0018] In another embodiment, the liquid arteries are made of metallic, ceramic, glass or 
plastic materials. The use of materials with a low thermal conductivity offers particular benefit in 
reduced heating of the liquid inside the arteries. Overheating of the liquid inside the artery may 
cause boiling inside the artery, consequently increasing the flow pressure drop. 

[0019] In one embodiment, the arteries in the evaporator porous wick may be connected in 
parallel, in a manifold type configuration, or the arteries may be connected in series. 

[0020] In one embodiment, the liquid pump is submerged in the liquid reservoir, which helps 
with the pump priming and reduces the probability of pump cavitation. 

[0021] In another embodiment, the liquid pump and reservoir assembly is formed integrally 
with the evaporator to provide a compact system. The flow channel supplying the liquid into the 
evaporator and the liquid artery in the evaporator porous wick form a co-axial bayonet 
configuration to facilitate the compact flow arrangement. 

[0022] In one embodiment, multiple evaporators are connected with a single liquid line that 
supplies the arteries each in turn with a series connection. 

[0023] In another embodiment, multiple evaporators are connected with multiple liquid lines 
from one or more pumps that supply the evaporators with parallel flow. 

[0024] In another embodiment, the vapor spaces of multiple evaporators are connected to 
equalize the vapor pressure and temperature. 
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[0025] In a preferred embodiment, a single evaporator is connected with multiple liquid lines 
and multiple pumps, with adjacent arteries supplied from different pumps. The liquid flow rate 
can be adjusted to provide redundant cooling. If one pump fails, liquid for the evaporator near the 
failed artery is supplied by the adjacent arteries supplied by different pumps. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0026] FIG. 1a is a schematic diagram of a hybrid loop having a primary passive two-phase 
flow segment and a secondary actively pumped liquid flow segment, according to the invention; 

[0027] FIG. 1b is a schematic of the hybrid loop where the liquid pump is alternately located at 
the downstream of the evaporator. 

[0028] FIG. 2a illustrates an evaporator configuration in the primary passive two-phase flow 
segment, which has a porous wick that encases multiple, parallel arteries with manifolds at the 
two ends, according to an embodiment of the invention; 

[0029] FIG. 2b illustrates a hybrid loop, which incorporates the evaporator configuration of 
FIG. 2a; 

[0030] FIG. 3 illustrates an evaporator configuration utilizing a co-axial bayonet-type liquid 
artery and a submerged pump in the reservoir, according to another embodiment of the invention; 

[0031] FIG. 4 illustrates an in-series artery configuration for an evaporator, according to 
another embodiment of the invention; 

[0032] FIG. 5 is a cross-sectional view of an artery formed of bonded powders, according to 
the invention; 

[0033] FIG. 6 is a cross-sectional view of an artery formed of bonded powders encompassing 
a perforated tube, according to another embodiment of the invention; 

[0034] FIG. 7 is a cross-sectional view of an artery formed of bonded coarse and fine 
powders, according to another embodiment of the invention; 
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[0035] FIG. 8 is a cross-sectional view of an artery formed by securing an elongated U-shaped 
fine mesh screen to a base formed of bonded powders, according to another embodiment of the 
invention; 

[0036] FIG. 9 is a cross-sectional view an artery formed by securing an elongated micro or 
nano-perforated tube or tubular screen to a base formed of bonded powders, according to 
another embodiment of the invention; 

[0037] FIG. 10 is a cross-sectional view of an artery in a hair-like evaporator wick structure, 
according to another embodiment of the invention; 

[0038] FIG. 11 is a cross-sectional view of an evaporator porous wick having porous grooves, 
with arteries encased in the peak regions of the porous lands, according to another embodiment 
of the invention; 

[0039] FIG. 12 is a cross-sectional view of an evaporator porous wick having coarse powders 
in some regions and fine powders in other regions, with an artery encased in the porous wick, 
according to another embodiment of the invention; and 

[0040] FIG. 13 is a cross-sectional view of an evaporator porous wick having a tapered cross- 
section, with an artery encased in the porous wick, according to another embodiment of the 
invention. 

DETAILED DESCRIPTION 
[0041] As used herein, the term "hybrid loop" refers to the heat transfer loop system that 
includes a primary passive two-phase flow segment and a secondary actively pumped liquid flow 
segment. The terms "bonded powder", "powder wick" and "porous wick" refer to any means of 
bonding metal, ceramic, glass or plastic powder or fiber materials together to form a porous wick 
structure, including, but not limited to, sintering, diffusion bonding, hot pressing, brazing, 
soldering, and bonding with plastic or glass. The term "condenser" means a portion of a two- 
phase device or a discrete component connected thereto, in which a vapor-phase working fluid 
condenses to liquid-phase as the latent heat of vaporization is transferred to an associated heat 
sink. The term "evaporator" means a portion of a two-phase device or a discrete component 
connected thereto, in which evaporation of a liquid-phase working fluid occurs as the fluid 
absorbs heat from an associated heat source. 
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[0042] Figure 1a illustrates a hybrid loop 10 according to a preferred embodiment of the 
invention. The hybrid loop 10 includes a primary passive two-phase flow segment 12 including an 
evaporator 18, a condenser 22 and a liquid reservoir 20 linked by vapor and liquid transport lines 
11 and 13, and a secondary actively pumped liquid segment 14 including a liquid pump 16 and 
the associated liquid supply line 15 and excess liquid return line 17. The evaporator 18, is 
exposed to a heat source 19, and the condenser 22 is exposed to a heat sink 23. The 
temperature of the heat sink 23 must be lower than the temperature of the heat source 19 for the 
hybrid loop 10 to function. 

[0043] Referring to Figure 1a, the heat input from the heat source 19 causes evaporation of a 
liquid-phase working fluid maintained in the evaporator. The working fluid may be water, 
ammonia, methanol, liquid metals, cryogenic fluids, or refrigerants, depending on the temperature 
of the application. The vapor-phase working fluid with its absorbed heat load (i.e. latent heat of 
vaporization) is driven towards the condenser 22 through the vapor transport line 1 1 , by the vapor 
pressure gradient between the evaporator 18 and condenser 22 caused by the temperature 
difference between the heat source 19 and heat sink 23. In the condenser 22, the vapor 
condenses as the latent heat is transferred to the cooler heat sink 23. The condensed working 
fluid is then driven to the liquid reservoir 20 in liquid phase through the liquid transport line 13, 
again by the higher vapor pressure in the evaporator 18. 

[0044] Referring still to Figure 1a, the secondary actively pumped liquid segment 14 includes 
a liquid pump 16 that draws the liquid from the liquid reservoir 20 into the evaporator 18, through 
the liquid supply line 15. A portion of the liquid is vaporized in the evaporator 18 by the heat input 
from the heat source 19, while the excess liquid is pumped back to the liquid reservoir 20 through 
the excess liquid return line 17. 

[0045] Figure 1b illustrates a different location for the liquid pump 16. The liquid pump 16 is 
located downstream of the evaporator 18. The suction side of the liquid pump 16 is connected to 
the liquid outlet of the evaporator 18. 

[0046] The amount of liquid-phase fluid supplied to the evaporator must be sufficient to avoid 
dry out in the evaporator, but not too great as to result in flooding in the evaporator. This delicate 
balance is advantageously achieved through the use of an evaporator configuration defined by 
one or more liquid arteries encased in a porous wick, wherein the liquid arteries accommodate 
the excess liquid flow in the evaporator. Figure 2a illustrates an exemplary embodiment of the 
evaporator 118 wherein the porous wick 124 encases multiple, parallel liquid arteries 114 which 
are linked by manifolds 125 provided at the two ends of the liquid arteries. 
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[0047J The porous wick 124 of the evaporator 118 provides a capillary medium, which 
dominates the gravity and acceleration effects. Thus, the foregoing evaporator configuration 
demonstrates a reduced sensitivity to gravity and acceleration effects. The porous wick 124 
additionally provides numerous micro surfaces to enhance nucleate boiling, resulting in improved 
phase change heat transfer. It will be appreciated that the geometric shape and pore radii profile 
of the porous wick 124 can be optimized to further improve the heat transfer. The porous wick 
124 may be made of any bonded metal, ceramic, glass or plastic powders or fibers, using 
techniques commonly known to those skilled in the art, and preferably is a porous metal structure 
formed of sintered metal powders. 

[0048] The liquid arteries 114 may be formed of micro or nano-perforated or slotted tubing, 
tubular mesh screens, bonded powders or any combination thereof. Preferably, the bonded 
powder wick structure defines pore radii in the range of about 0.5 microns to 1 mm. It will be 
appreciated that the size, position and number of the liquid arteries 114 may be varied to suit 
particular requirements. 

[0049] Figure 2b shows a hybrid loop 110 incorporating the evaporator configuration of Figure 
2a. The hybrid loop 110 includes a primary passive two-phase flow segment 112 including an 
evaporator 118, a condenser 122 and a liquid reservoir 120; and a secondary actively pumped 
liquid flow segment 119 including a liquid pump 116 submerged in the liquid reservoir 120. 
Submerging the liquid pump 116 in the liquid reservoir 120 helps with the pump priming and 
reduces pump cavitations. The liquid artery 1 14 encased in the porous wick 124 in the evaporator 
118 is connected to the liquid supply line 115 and the excess liquid return line 117 to 
accommodate the pumped liquid flow. 

[0050] Referring to Figure 2b, the capillary force in the porous wick 124 draws the liquid 
through perforations provided in the walls of the liquid arteries 114 and distributes the liquid within 
the porous wick 124 to sustain the evaporation. Excess liquid is driven out of the evaporator 1 18 
through the liquid arteries 114 and eventually pumped back to the liquid reservoir 120 by the 
liquid pump 116. 

[0051] Referring still to Figure 2b, the vapor phase working fluid generated inside the 
evaporator 118 flows through the vapor transport line 111 towards the condenser 122 for heat 
dissipation. The condensed liquid may be sub cooled in the condenser 122 and is driven towards 
the liquid reservoir 120 through the liquid transport line 113. 
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[0052] It is critically important to have a porous wick structure 124 that has sufficient capillary 
force to separate the liquid inside the liquid arteries and the vapor. The porous wick must be able 
to prevent the vapor from penetrating into the arteries and the liquid from moving into the vapor 
space. 

[0053] It is critically important to have a liquid pressure inside the liquid artery 1 14 that is lower 
than the vapor pressure in the evaporator 1 18, to prevent the liquid from coming out of the liquid 
artery 114 to flood the vapor space of the evaporator 118. This is achieved by maintaining the 
temperature of the liquid reservoir 120 lower than the temperature of the vapor in the evaporator 
118 and locating the liquid pump 116 downstream of the evaporator 118. These two design 
features ensure the liquid pressure in the artery 114 is always lower than the vapor pressure in 
the evaporator 118. 

[0054] Referring still to Figure 2b, the interior volume of the liquid reservoir 120 must be 
sufficient to accommodate the volume of the liquid working fluid in the entire system and the 
volume of the liquid pump 116. 

[0055] Figure 3 illustrates an alternative evaporator configuration 150 utilizing a co-axial 
bayonet-type liquid inlet and outlet design and a submerged pump 116 in the reservoir 120. 
Liquid is sucked from the reservoir 120 through the liquid supply line 152 inside the liquid artery 
114 where it exits the end of the liquid supply line 152 and reverses direction of flow, traveling 
back along the exterior of liquid supply line 152 and interior of the liquid artery 1 14. Liquid flowing 
back along the interior of the liquid artery 114 is extracted by the capillary force through the 
porous wicking structure 154 in a path generally indicated by arrow 157. The liquid is dispersed 
through the wick structure 154 for evaporation. Excess liquid flows back to the liquid reservoir 120 
in a flow path generally indicated by arrow 159. 

[0056] Figures 4-13 illustrate several alternative embodiments of the porous wick and the 
associated liquid arteries of the evaporator, which will now be described in further detail. 

[0057] Figure 4 illustrates one embodiment of a liquid artery segment. Multiple arteries 220 are 
configured in a serpentine in-series configuration to eliminate the flow imbalance that may occur 
in a parallel configuration as illustrated in Figure 2a. 

[0058] Figure 5 shows a cross-sectional view of a liquid artery 220 that is formed of bonded 
powders, according to the invention. The bonded powders form the wall 227 of the artery 220. 
The porous wall allows the liquid to be drawn into the evaporator porous wick 224, while 
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preventing the vapor pressure from penetrating into the artery 220. The liquid artery 220 can be 
the same bonded powders as used in the evaporator porous wick 224. 

[0059] Figure 6 illustrates a variation of the artery design, where the artery 230 is made of a 
solid-wall tubing 239 having micro or nano-perforations 235. The artery 230 is encased in the 
evaporator porous wick 237 that is made of bonded powders. The artery 230 is preferably formed 
of a metal or ceramic material. 

[0060] Figure 7 illustrates an artery 240 that is formed of bonded powders 247 having varying 
powder sizes. The fine pore, outer layer 244 provides large capillary forces to separate the liquid 
inside the artery 240 and the vapor outside of the artery 240 which are at large pressure 
differentials. The coarse layer 242 reduces flow resistance to the liquid across the artery wall 
supplying the evaporator porous wick 247. 

[0061] Figure 8 is a cross-sectional view of an artery 250 formed by securing an elongated U- 
shaped mesh screen 254 to an evaporator porous wick 252 formed of bonded powders, 
according to another embodiment of the invention. 

[0062] Figure 9 is a cross-sectional view of an artery 260 formed by securing an elongated 
micro or nano-perforated tube or tubular screen 264 to an evaporator porous wick 262 formed of 
bonded powders, according to another embodiment of the invention. 

[0063] Figure 10 is a cross-sectional view of an artery configuration 300, which includes a 
micro or nano-perforated tube or mesh screen 302 secured to an evaporator porous wick 
containing hair-like capillary structures or nano-fibers 304, which may be formed by gluing nano- 
fibers to the substrate 306 or growing the nano-fibers by plating techniques. The nano-fibers 
preferably have a length of between 20 and 1,000 microns. 

[0064] Figure 1 1 illustrates that an evaporator porous wick 290 having porous grooves. The 
liquid arteries 296 are encased in the peak regions 292 of the porous lands to minimize the 
heating of the arteries 296 from the heat input surface 293. The porous grooves 294 provide 
increased evaporation surfaces and shorter vapor venting passages into the vapor space from 
the wick interior 291. The porous grooves can be made into various shapes and dimensions to 
suit particular applications. 

[0065] Figure 12 shows a cross-sectional view of an artery 270 encased in a porous wick 273, 
according to an embodiment of the invention. The bonded powder materials may be 
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homogeneous, or alternatively, the bonded powders may be graded. That is, the bonded powders 
may selectively include regions of relatively coarse powders 274 and regions of relatively fine 
powders 272 to minimize the flow resistance and maximize the capillary force. Examples of 
acceptable bonded powder metals include brazed metal powders, hot pressed powdered metals, 
plastic bonded powder metals, injection molded or extruded powder metals and double-shot 
injection molded powder metals. Acceptable bonded ceramic powders may include metallized 
and brazed ceramics, hot pressed ceramics, plastic-bonded ceramics and glass or vitreous 
bonded ceramics. Examples of porous plastics include injection molded plastics, and double-shot 
injection molded plastics (useful for providing graded porous properties). 

[0066] Figure 13 is a cross-sectional view of an artery 280 encased in a porous wick 282 
having a tapered cross-section, according to another embodiment of the invention. The tapered 
cross-section increases the evaporative surface area of the porous wick 282 and shortens vapor 
venting passages. It will be appreciated that other geometric variations may be employed to 
achieve similar effects and are likewise contemplated within the scope of the invention. 

[0067] Although the invention has been described in terms of exemplary embodiments, it is 
not limited thereto. Rather, the appended claims should be construed broadly, to include other 
variants and embodiments of the invention, which may be made by those skilled in the art without 
departing from the scope and range of equivalents of the invention. 
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